revealed a remarkably diverse range of proteins spanning eukaryotic, bacterial, and archaeal taxonomic domains, with notable variations in protein domain architectures. Our strategy should also be helpful in putting together other highly divergent protein families.
karyotic toxicity, and fruiting body formation and sporulation in some fungi and bacteria [Anderluh and Lakey, 2008; Estevez-Calvar et al., 2011] . Moreover, perforins in cytotoxic lymphocytes deliver cationic cargo such as granzyme proteases [Stewart et al., 2014] . As confirmed in the present study (see below), 3 families comprise the MACPF superfamily: the membrane attack complex/perforin (MACPF) family (TC 1.C.39), the cholesterol-dependent cytolysin (CDC) family (TC 1.C.12), and the pleurotolysin B pore-forming (pleurotolysin B) family (TC 1.C.97.1) [Rosado et al., 2008] . Using a common MACPF domain for pore formation, proteins associated with the membrane attack complex control microbial invasion of the host through pathogen lysis via formation of a C5b-9 pore complex, a process known as C3-mediated opsonization [Wang et al., 2000] . Other apextrin-like proteins containing the MACPF domain are known to play a role in larval development in eukaryotes such as the sea urchin, Heliocidaris erhthrogramma, and the Mediterranean mussel, Mytilus galloprovincialis [Dheilly et al., 2011; Estevez-Calvar et al., 2011; Haag et al., 1999; Kobayashi et al., 2014] . Furthermore, the MACPF proteins DBCCR-1 and BRINP-1 (TC 1.C.39.17) are believed to function in both tumor suppression and neural development [Kawano et al., 2004; Kobayashi et al., 2014; Wright et al., 2004] .
X-ray structural analyses of the MACPF domains for complement C8α and Plu-MACPF from Photorhabdus luminescens revealed structural similarities with the bacterial, pore-forming CDCs [Hadders et al., 2007; Kondos et al., 2010; Rosado et al., 2008] . Both families share a common mechanism of membrane insertion whereby 2 regions of the soluble proteins refold into transmembrane ß-hairpins to form the lining of the barrel pore [Xu et al., 2010] . Thus, it has been suggested that lytic MACPF proteins may share a mechanism similar to that of CDCs in forming pores and disrupting cell membranes [Dunstone and Tweten, 2012; Law et al., 2010; Rossi et al., 2010] . However, the authors of the papers describing the 3-dimensional structures of these proteins claimed that CDCs and MACPFs show no detectable similarity at the primary sequence level.
Members of the pore-forming pleurotolysin B family have been shown to exhibit cytolytic activity through pore formation in human erythrocytes [Sakurai et al., 2004; Schlumberger et al., 2014] . Pleurotolysin proteins are 2-component hemolysins, which require the interaction of both of the 2 nonhomologous components pleurotolysin A and pleurotolysin B to exhibit strong cytolytic activity Shibata et al., 2010] . Cooperative pore formation causes leakage of potassium ions from cells and subsequent colloid-osmotic hemolysis , and like perforins, pleurotolysins can deliver cationic macromolecules such as granzymes [Stewart et al., 2014] . Although the longer pleurotolysin B proteins exhibit 3-dimensional folds similar to those of MACPF superfamily members, National Center for Biotechnology Information (NCBI) basic local alignment search tool (BLAST) results suggested that pleurotolysin A is a member of the aegerolysin superfamily [Ota et al., 2013 Shogomori and Kobayashi, 2008] .
This study seeks to expand the MACPF family and to demonstrate sequence similarity between the active pore-forming regions of the MACPF, CDC, and pleurotolysin B families. Several developments have made it possible to identify increasingly distant homologues using sequence similarity as the primary means. We first expand the set of representatives of the major phylogenetic clusters in each family. Second, we identify protein sequences that could reveal links between these families. Third, the availability of increasingly sensitive software allows us to compare more distant homologues of each family. In summary, application of the superfamily transitivity principle allows demonstration of homology between each family using "missing link" homologues. We also build and compare hidden Markov models of each protein family to further establish the reliability of our results.
Results
A summary of the overall results showing the relationships revealed by these analyses is presented in Figure 1 .
Expansion of Protein Families
Protein families obtained from TCDB were screened against NCBI's nonredundant (NR) protein database using position-specific iterated BLAST (PSIBLAST). Redundant and close sequences were eliminated from the results using CD-HIT (Cluster Database at High Identity with Tolerance) with a percent identity threshold of 90%. This procedure increased the number of MACPF sequences from 68 to 11,650, pleurotolysin B sequences from 9 to 370, and CDC protein sequences from 16 to 1,680. The phylum and taxonomic domain for the organisms from which each protein was derived were also retrieved from NCBI (online suppl. Tables 1-3; see www. karger.com/doi/10.1159/000481286 for all online suppl. material).
Transitivity Tests
The full table of results from comparing the members of each protein family to NCBI's NR database showed that the CDC family found a total of 70 proteins also found by the members of the MACPF family. Similarly, the MACPF family found 34 proteins in common with those found by members of the pleurotolysin B family ( Fig. 1 , 2 a) .
The complete sets of proteins obtained from screening each protein family against NCBI's NR protein database were compared against each other using Protocol2.py from the BioV software suite [Reddy and Saier, 2012] . The CDC set had a top score of 154 SD over randomized sequences when compared against the MACPF family set. The aligned sequences were segments of the same protein retrieved by members of both families (WP_030368745) ( Fig. 2 b) . The top score between the MACPF and pleurotolysin B sets was 113 SD. As with the MACPF and CDC families, the aligned sequences were segments of the same protein matched by members of both families (KDQ20396) ( Fig. 2 c) .
The top score between the CDC and pleurotolysin B sets was only 12 SD, which is within those obtained with the unrelated families examined (negative controls). However, since the MACPF family shows homology to both the CDC and the pleurotolysin B families, we can infer, by the transitivity principle, that the CDC and pleurotolysin B families are also homologous. Homology between the MACPF and CDC transmembrane domains is therefore established based on the analyses of their sequences alone.
MACPF/CDC Protein Domains
When compared against Pfam protein domains [Finn et al., 2014] , most proteins within each of the protein families originally present in TCDB-matched domains consistent with their respective group membership ( Fig. 1 ) . Most proteins in the MACPF family matched the MACPF domain (PF01823) as did most proteins in the pleurotolysin B family. Most proteins from the CDC family matched the CDC domain (PF01289). Other matches to Pfam domains were specific to fewer members of these protein families (online suppl. Tables 1-3) .
Extracting the segments that matched these 2 domains allowed us to compare the MACPF and CDC domains against each other using HHblits [Remmert et al., 2012] . The MACPF domain, as represented by members of the expanded MACPF family, had an alignment E value of 3.9E-06 against the CDC domain, as represented by members of the expanded CDC family ( Fig. 3 a) , while the MACPF domain, as represented in the expanded pleurotolysin B family, had an alignment E value of 0.0068 against the CDC domain ( Fig. 3 b) . These results further suggest that homology between these 3 families can be established from sequence analyses alone. MACPF proteins (1.C.39) were found to be homologous to CDC proteins by finding a homologous protein common to both (WP_030368745), and by the similarity of the hidden Markov models of their respective domains (PF01289:PF01823), compared using HHblits [Remmert et al., 2012] . MACPF proteins were also found to be homologous to pleurotolysin B proteins (1.C.97) because they both match the Pfam model for the MACPF domain (PF01823), and because they both find homologous proteins in common (e.g., KDQ20396). CDC proteins and pleurotolysin B proteins were not found to be homologous using the Protocol2 analysis, but they can be inferred to be homologous from the comparison of the HMM models of their respective domains as compared with HHblits, and because they are both homologous to the MACPF (1.C.39) proteins.
The MACPF Superfamily 
Hierarchical Clusters Based on BLAST Bit Scores
After performing hierarchical clustering using the R programming environment [R Core Team, 2016] , the CDCs, MACPFs, and pleurotolysin B proteins separated well into 3 larger groups ( Fig. 4 ) , with CDCs and pleurotolysins B each falling into their respective groups, while the much larger group of MACPF proteins segregated into 12 clusters for a total of 14 clusters (12 MACPF, plus the CDC and pleurotolysin B groups). The MACPF proteins clustered consistently with their TCDB IDs. We describe the clusters below in the same order as presented in the graph ( Fig. 4 ) .
The CDC Cluster The CDC cluster contains proteins varying in length from 369 to 588 residues. All of these proteins are found in bacteria. They did not match known domains other than the CDC domain in either the Pfam or the CDD database (online suppl. Table 1 ). The Pleurotolysin B Cluster This cluster contains proteins varying in length from 340 to 1,165 residues. Two of the 7 proteins in TCDB are found in bacteria, while the remaining 5 are from eukaryotes. These proteins did not match known domains other than the MACPF domain in either the Pfam or the CDD database (online suppl. Table 2 ).
MACPF Cluster 1
The first MACPF cluster contained all 3 proteins in subfamily TC 1.C.39.8 (TC 1.C.39.8.1-3). These proteins are from Proteobacteria. Besides the MACPF domain, they contained from 1-3 copies of the PF00045 domain, described in Pfam as hemopexin. Protein 1.C.39.8.3-U7QRY9 also matched domain PF07472, described as fucose-binding lectin II.
MACPF Cluster 2
This cluster contained all of the proteins in subfamily TC 1.C.39.9 (TC 1.C.39.9.1-5). These proteins did not match Pfam domains other than the MACPF domain (PF01823). All of these proteins are from Fungi.
MACPF Cluster 3
The third cluster contained the proteins in subfamily TC 1.C.39.13 (TC 1.C.39.13.1-4), except for TC 1.C.39.13.5- F3QYX7, which grouped with other subfamilies in cluster 12 (see below). All of the proteins in cluster 3 are from bacteria, specifically from organisms of the genus Bacteroides . No protein in this cluster matched domains other than the MACPF domain (PF01823).
MACPF Cluster 4
The fourth cluster contains most of the proteins in the TC 1.C.39.4 subfamily. Of the proteins in this cluster, TC 1.C.39.4.1-3 and 6 derive from various bacteria, but TC 1.C.39.4.4-M0PI51 is from an archaeon, and TC 1.C.39.4.5-D8RWR9 is from a eukaryote ( Selaginella moellendorffii ). Only the last of these proteins contained more than the MACPF domain (PF01823). It contained 8 copies of the PF09479 domain, described as a ListeriaBacteroides repeat domain involved in host cell invasion [Ebbes et al., 2011] .
MACPF Cluster 5
The fifth cluster contained the 2 proteins in subfamily TC 1.C.39.15 (TC 1.C.39.15.1-2). These proteins are eukaryotic (Arthropoda) and match the MACPF domain model from CDD (CDD ID: 214671).
MACPF Cluster 6
The sixth cluster contained all 4 proteins in subfamily TC 1.C.39.14 (TC 1.C.39.14.1-4). All proteins are from eukaryotes, 1 found in humans, 2 in mollusks, and 1 in the zebrafish ( Danio rerio ). These proteins only matched the MACPF domain.
MACPF Cluster 7
The seventh cluster contained all 4 proteins in subfamily TC 1.C.39.10 (TC 1.C.39.10.1-4). All of these proteins are eukaryotic. Three of them are from Cnidaria, and 1 (TC 1.C.39.10.3) is from a plant ( Selaginella ). These proteins only matched the MACPF domain.
MACPF Cluster 8
The eighth cluster can be considered to be a cluster of clusters ( Fig. 3 ) . This cluster contained all members of TCDB's subfamilies (TC 1.C.39.1-4), 1.C.39.6 (TC 1.C.39.6.1-4), and 1.C.39.7 (1.C.39.7.1-5). These proteins are from eukaryotes, except for 1.C.39.7.5, which is from a bacterium ( Myxococcus ). Proteins belonging to subfamily TC 1.C.39.1 are all from Dictyosteliida (slime molds), proteins in subfamily TC 1.C.39.6 are from protists of the phylum Apicomplexa, and proteins in TC 1.C.39.7 -except for 1.C.39.7.5-F8CHB6 -are from ciliates (phylum Ciliophora) and Opisthokonta (a sister taxon to Fungi). These proteins only matched the MACPF domain.
MACPF Cluster 9
This cluster is composed of 2 subclusters, a subcluster containing all of the proteins in subfamily 1.C.39.2 (1.C.39.2.1-7) and a subcluster containing both proteins from family 1.C.39.16 (1.C.39.16.1 and 2). All proteins in family 1.C.39.2 are from eukaryotes, the first 5 from vertebrates, and the last 2 from Tetrahymena . All of these proteins matched the MACPF domain, with 4 of them also matching domain PF00168, described as a C2 domain, which is a domain that targets proteins to cell membranes [Zhang and Aravind, 2010] . The proteins in family 1.C.39.16 are from Fungi and only matched MACPF domain models.
MACPF Cluster 10
This cluster contains all members of subfamily 1.C.39.11 (1.C.39.11.1-4). These proteins are from plants and matched only MACPF domain models.
MACPF Cluster 11
This cluster contained all 4 proteins in subfamily TC 1.C.39.12 (TC 1.C.39.12.1-4). These proteins are from bacteria ( Chlamydia ). They only matched the MACPF domain.
MACPF Cluster 12
The last MACPF cluster contains all members of TCDB subfamily 1.C.39.5 (1.C.39.5.1-5), as well as 1.C.39.13.5. The first 4 proteins in family 1.C.39.5 are eukaryotic although 1.C.39.5.5 is bacterial ( Pseudomonas ). All of these proteins match the MACPF domain. One of them (1.C.39.5.4) also matches domains PF00754 and PF00530. PF00754 (discoidin domain, F5/8 type C domain) is a cell adhesion domain often found in extracellular and membrane proteins [Couto et al., 1996] . PF00530 (scavenger receptor cysteine-rich domain) is a domain also found in a variety of membrane proteins [Liu et al., 2011] . Protein 1.C.39.13.5 is a bacterial protein ( Paraprevotella ). This protein also matches only the MACPF domain.
Taxonomic Distribution of MACPF/CDC Family Proteins
The total number of homologues found by TCDB's MACPF/CDC proteins in NCBI's NR database was close to 13,700. MACPF/CDC homologues have representative proteins in all 3 domains of life ( karyotes, 28.6% are from bacteria, and the remaining 0.5% are from archaea (35 proteins) and a few synthetic constructs (15 proteins). As described below, these proteins are widely distributed in nature.
Around 80% of the eukaryotic proteins are from the Metazoa kingdom, followed in proportion by Streptophyta (11%), and Fungi (4%). The remaining 5% of eukaryotic proteins come from organisms belonging to the Apicomplexa, Mycetozoa, Opisthokonta, Ciliophora, Isochrysidales, Dinophyceae, Schizopyrenida, Cercozoa, Bacillariophyta, Florideophyceae, Chromerida, Choanoflagellida, and Chlorophyta.
The bacterial proteins come from representatives of 25 taxonomic phyla. Approximately 51% of these proteins are found in Firmicutes, the next most abundant phyla being Bacteroidetes/Chlorobi (25%), Actinobacteria (8%), and Gammaproteobacteria (6%). The remaining 10% was composed of Chlamydiae, Betaproteobacteria, Alphaproteobacteria, Deltaproteobacteria/ Epsilonproteobacteria, Tenericutes, Cyanobacteria/Melainabacteria, Fibrobacteres, Spirochaetia, DeinococcusThermus, Verrucomicrobia, Lentisphaerae, Candidatus Hydrogenedentes, Thermotogae, Chloroflexi, Planctomycetes, Fusobacteriia, Chrysiogenetes, Candida- tus Tectomicrobia, Solibacteres, Nitrospira, Candidatus Kapabacteria, and a few unclassified and environmental organisms. Archaeal proteins come from Thermoplasmata (66%), Methanomicrobia (20%), and Halobacteria (14%).
Domains Associated with the MACPF Superfamily
Examination of the domains associated with the proteins found after running PSIBLAST comparisons of the TCDB proteins against NCBI's NR database showed several domains to be associated with members of the MACPF superfamily ( Fig. 6 ) (online suppl. files 1-3) . While most of the original proteins in TCDB matched the expected MACPF and CDC domain models, around 46% of the PSIBLAST retrieved proteins matched the MACPF domain (Pfam: PF01823, NCBI-CDD: 240433, 175998, 307781, and 214671), and around 36% matched the CDC domain (Pfam: PF01289 and PF17440, NCBI-CDD: 307453 and 307781), with 24% matching models for both domains, making a total of approximately 58%. Most of the remaining 42% proteins aligned with the regions of the proteins matching these important domains, suggesting that PSIBLAST found more proteins containing these domains than would be found by the Pfam hidden Markov models (HMMs) in combination with the CDD position-specific matrices. The number of associated domains to the PSIBLAST gathered proteins was 248 Pfam domains and 410 NCBI-CDD domains. The Pfam domains found were PF00045 (hemopexin), already described above as part of the MACPF proteins in cluster 1 (TC 1.C.39.8), and PF09479 ( Listeria -Bacteroides repeat domain), also described above as part of the D8RWR9 protein (TC 1.C.39.4.5; MACPF cluster 4). Other domains also made sense as domains having functions associated with exported proteins. For example, the thrombospondin domain (PF00090) works in the extracellular matrix [Morris and Kyriakides, 2014] . While a detailed examination of domains associated with MACPF/CDC domains would be interesting, this is outside the scope of the present work.
Discussion
The results obtained by comparing proteins in TCDB associated with the MACPF domain (MACPF: TC 1.C.39 and pleurotolysin B: TC 1.C.97.1), and with the CDC domain (TC 1.C.12.1 and TC 1.C.12.2), showed that homology can be inferred for these protein families by sequence comparison.
Results from PSIBLAST comparisons of each TCDB family against NCBI's NR protein database showed that the MACPF and CDC proteins included shared homologues common to both families ( Fig. 1 ) . The alignments from proteins in these 2 families overlap ( Fig. 2 ) , and, most importantly, the overlapping regions correspond to the regions that match the Pfam HMM models of the respective domains of each family, namely the MACPF (PF01823) and the CDC domains (PF01289).
Similarly, when compared against NCBI's NR proteins using PSIBLAST, the MACPF and pleurotolysin B proteins found potential homologues in common ( Fig. 1 ) , which aligned with overlapping regions of those proteins ( Fig. 2 ) . The overlapping alignments also matched the Pfam HMM model of the MACPF domain (PF01823), further confirming homology between these 2 families ( Fig. 2 ) .
The superfamily principle (transitivity rule) has been used repeatedly to establish homology between distantly related members of extensive superfamilies [Chang et al., 2004; Doolittle, 1981; Lam et al., 2011; Saier, 2003] . In this study, the superfamily principle was employed by first establishing sequence similarity throughout the lengths of proteins or relevant protein domains within a single family ( Fig. 1 , 2 ) . It should be noted that homology means sharing a common evolutionary ancestry and does not imply a certain degree of sequence similarity between any 2 homologues.
The results above were confirmed when the segments that match the Pfam domains in each TC expanded family were used to build new HMM models. We compared these models against each other and found them to be significantly similar using the HHsuite software.
Although X-ray and functional analyses had shown the MACPF and CDC family members to be structurally and functionally similar, sequence similarity between these families had not previously been established. The current paradigm is that one can detect homology (common ancestry) more reliably using tertiary structure than primary structure. We conducted these studies in an attempt to show that while others may not have been able to find sequence similarity, it does in fact exist and can be detected using the approaches detailed in this report.
It is well known that many proteins can adopt more than one, highly dissimilar, conformational states. Sometimes these divergent conformations are unrecognizable at the 3-dimensional level. For example, prion proteins typically adopt "native" α-states, but they can also assume cleaved β-states [Duyckaerts, 2013; Mange et al., pores that result in cytoplasmic leakage and cell death [Czajkowsky et al., 2004; Feil et al., 2014; Menestrina et al., 2001] . In all such cases, massive conformational changes occur during membrane insertion. It is therefore clear that reliance on 3-dimensional (X-ray and NMR) data alone cannot be considered the preferred approach 2004]. Several soluble proteins with recognized catalytic and structural properties can insert into membranes, forming ion-conducting channels [Anderson and Blaustein, 2008; Aniya and Imaizumi, 2011] . Toxins are often synthesized and secreted in a soluble state, which can then insert into membranes of target organisms, forming for establishing homology. A combination of high-resolution 3-dimensional data with statistical approaches using primary sequence data may be the most reliable means to establish the common origin of distantly related macromolecules. However, it should be noted that the lack of detectable structural sequence similarity cannot be used as evidence supporting the conclusion of independent origin. Further analysis of the proteins found using PSIBLAST confirmed the presence of these proteins in organisms of the 3 domains of life. We also found that most of the extra domains associated with the MACPF/CDC domain seem to have functions related to transport proteins. These results serve to characterize the MACPF superfamily as defined here for the first time. We showed that, contrary to previous conclusions, primary sequence analyses alone are sufficient to establish homology between the 3 families of the MACPF superfamily. The superfamily appears to be much more widely distributed in many phyla of eukaryotes, bacteria and archaea, than previously thought. These results should inspire further computational analyses and experiments on a wide range of homologues with the expected discovery of novel physiological functions currently unrecognized, such as the roles of domains commonly associated with members of the MACPF superfamily. In bacteria, for example, finding genes coding for members of the superfamily in an operon, associated with genes whose products have a known function, might suggest a role for the MACPF protein. The annotations of the MACPF proteins in TCDB might also give scientists clues as to the functions of the members of the superfamily they might encounter, and thus suggest directions for experimental work.
Besides presenting evidence from primary structure for the MACPF superfamily, this work shows computational strategies by which members of highly divergent protein families might find each other without waiting for 3-dimensional structures to be solved.
Methods

Sequence Data
Sequences of proteins belonging to the membrane attack complex/perforin (MACPF: TC 1.C.39), cholesterol-dependent cytolysin (CDC: TC 1.C.12.1 and TC 1.C.12.2) and pleurotolysin B (TC 1.C.97.1) families were obtained from the TCDB (http://www. tcdb.org/) [Saier et al., 2016] ( Table 1 ) . As negative control data sets ( The proteins from these families were used as queries to compare against NCBI's NR protein sequence database using PSI-BLAST with an initial cutoff value of 1E-6 and a subsequent iteration with a cutoff value of 1E-5, requiring minimal alignment coverage of 50% of the query proteins. The aligning segments of subject proteins were retrieved from the NCBI database. Redundant and very similar sequences were filtered out using the CD-HIT program [Li and Godzik, 2006] with a cutoff value of 80%. We automated the procedure using a program, written in PERL, called famXpander.pl, which can be accessed in the TCDBtools repository (https://github.com/SaierLaboratory/TCDBtools). Multiple alignments for each family, for individual protein clusters, and for conserved domains were generated with the Clustal-Omega program [Sievers and Higgins, 2014] .
Detecting Homologues with Highly Divergent Sequences
To determine homology by the superfamily principle (transitivity rule), the resulting FASTA files, each containing the proteins from the corresponding family and their matching sequences from NCBI's NR protein database, were compared to each other using "Protocol2.py" from the BioV software suite [Reddy and Saier, 2012] (https://github.com/SaierLaboratory/BioVx). This program runs the ssearch36 implementation of the Smith-Waterman algorithm [Pearson, 2000] and the EMBOSS [Olson, 2002] implementation of the Needleman and Wunsch algorithm [Needleman and Wunsch, 1970] on each pair of protein sequences and assesses the quality of the alignments against 500 randomized sequences. The significance of top scoring sequence alignments was further evaluated with 20,000 randomizations using the "gsat.py" program, also from the BioV suite [Reddy and Saier, 2012] .
The proteins for all families were compared against the complete Pfam database [Finn et al., 2014] with HMMscan from the HMMer software suite [Mistry et al., 2013] . A gathering score threshold was set as recommended by the Pfam curators [Finn et al., 2014] . Domains were also found by running RPS-BLAST [Camacho et al., 2009] et al., 2015] using an E value threshold of 1E-3. Domains were compared against each other using hhmake and hhalign, both from the HHsuite software package [Remmert et al., 2012] .
Homologous sequence regions were visualized using the program PyMOL with representative files from the Protein Data Bank (PDB). NCBI's BLASTP [Camacho et al., 2009 ] was used to generate alignments of the representative sequences in PDB with the sequences of interest obtained from the results above. For example, the CDC protein of each MACPF-CDC pair was compared with the sequence of the PDB protein model, PDB 1PFO [Rossjohn et al., 1997] . The region where a CDC protein aligned with both the MACPF protein and the 1PFO sequence was colored in PyMOL, thereby showing whether the residues compared were included in the transmembrane region. The same method was utilized using the PDB protein model PDB 2RD7 [Slade et al., 2008] for each MACPF protein in each MACPF-CDC pair.
Hierarchical Clustering
To obtain clusters of protein families, we compared every protein in the original collection gathered from TCDB against each other using BLASTP with a very permissive E value cutoff (a default cutoff of 10). In accordance with the SuperFamily Tree methods [Chen et al., 2011] , we transformed the bit scores into distances using the formula: distance = 100/bit score. Sequences lacking BLASTP results were given a default distance of 10. We used these distances to perform hierarchical clustering as implemented in the R programming environment [R Core Team, 2016] . The clusters thus obtained should reflect phylogenetic relationships, they are easy to obtain, and they have the advantage, unlike common phylogenetic methods, that they use all of the information available when comparing each pair of sequences [Chen et al., 2011] . Traditional phylogenetic methods only use sections in common across all sequences as determined in a multiple alignment.
